Clinical-grade T cells are genetically modified ex vivo to express chimeric antigen receptors (CARs) to redirect their specificity to target tumor-associated antigens in vivo. We now have developed this molecular strategy to render cytotoxic T cells specific for fungi. We adapted the pattern-recognition receptor Dectin-1 to activate T cells via chimeric CD28 and CD3-ζ (designated "D-CAR") upon binding with carbohydrate in the cell wall of Aspergillus germlings. T cells genetically modified with the Sleeping Beauty system to express D-CAR stably were propagated selectively on artificial activating and propagating cells using an approach similar to that approved by the Food and Drug Administration for manufacturing CD19-specific CAR + T cells for clinical trials. The D-CAR + T cells exhibited specificity for β-glucan which led to damage and inhibition of hyphal growth of Aspergillus in vitro and in vivo. Treatment of D-CAR + T cells with steroids did not compromise antifungal activity significantly. These data support the targeting of carbohydrate antigens by CAR + T cells and provide a clinically appealing strategy to enhance immunity for opportunistic fungal infections using T-cell gene therapy.
T-cell therapy | β-1,3-glucan | fungus | adoptive immunotherapy O pportunistic invasive fungal infections (IFI) by Aspergillus spp. cause morbidity and mortality in immunocompromised patients. Mortality rates associated with invasive Aspergillus (IA) are 22% in patients receiving solid-organ transplants and 60-85% in patients receiving hematopoietic stem cell transplants (HSCT) (1, 2) . Antifungal agents such as polyenes, triazoles, and echinocandins can be rendered ineffective by suboptimal host immunity, emergence of drug-resistant strains, and attendant toxicities in the recipients (3, 4) . Thus, new approaches for treating IAs are needed. Because the adoptive transfer of genetically modified T cells expressing CD19-specific chimeric antigen receptors (CARs) has resulted in successful treatment of patients with B-cell malignancies (5-9), we sought to determine if a CAR could be developed to redirect T-cell specificity to Aspergillus.
Among immunocompetent individuals, intact innate immunity can prevent and eradicate IFI. Endogenous alveolar macrophages recognize, phagocytize, and kill fungal spores (10) , and neutrophils can recognize and eliminate germinating hyphae (11) . Immunotherapeutic strategies such as adoptive transfer of preselected CD4
+ T-cell clones can help control Aspergillus infection indirectly by producing interferon-gamma (IFN-γ) (12) . An immunotherapeutic strategy deploying cytotoxic T cells appears to be clinically advantageous, because such cells have an endogenous ability to kill, be propagated to large numbers ex vivo, be genetically modified to recognize desired target antigens, and contribute to immunologic memory (8) .
We previously have redirected the specificity of genetically modified T cells via the stable introduction of a CD19-specific second-generation CAR (8, 9) . Recognition of CD19 was achieved by a CAR exodomain composed of a CD19-specific singlechain variable fragment attached to the T-cell surface via a modified IgG 4 hinge and fragment-crystallized (Fc) region (13) . CAR-dependent and MHC-independent T-cell activation can be achieved through the CAR endodomain composed of CD3-ζ and CD28 (14, 15) . We modified this prototypical CAR design to achieve recognition of carbohydrate by accommodating the pattern-recognition properties of Dectin-1 (16, 17) . This dectin is a type II transmembrane protein expressed on macrophages, neutrophils, and dendritic cells (18) and is specific for β-glucans, which are glucose polymers consisting of β-1,3-glucan and β-1,6-glucan expressed on the cell wall of fungi (19) . Because Dectin-1 mediates recognition of Aspergillus fumigatus (20) , we hypothesized that the extracellular portion of Dectin-1 could be adapted as the specificity domain for a CAR (designated "D-CAR") on T cells to redirect their specificity for this fungus.
We report that T cells can be genetically modified by using the Sleeping Beauty (SB) transposon/transposase system to express D-CAR stably and can be propagated selectively on artificial activating and propagating cells (aAPCs). We demonstrate that the D-CAR + T cells (i) bind specifically to laminarin (which is rich in β-1,3-glucan), (ii) exhibit a central memory phenotype, (iii) inhibit growth of Aspergillus hyphae even in the presence of
Significance
Patients with compromised T-cell function are at risk for opportunistic fungal infections. We have developed a novel approach to restore immunity by using a fungal pattern-recognition receptor Dectin-1 to redirect T-cell specificity to carbohydrate antigen in the fungal cell wall. We did so by genetically modifying T cells using the nonviral Sleeping Beauty gene-transfer system to enforce expression of a chimeric antigen receptor (CAR) that recapitulates the specificity of Dectin-1 (D-CAR). The D-CAR + T cells can be electroporated and propagated on artificial activating and propagating cells in a manner suitable for human application, enabling this immunology to be translated into immunotherapy. This approach has implications for genetically modifying T cells to express CARs with specificity for carbohydrate and thus broadening their application in the investigational treatment of pathogens and malignancies.
dexamethasone, and (iv) target Aspergillus infection in the skin and lung of immunocompromised mice. Thus, using a gene transfer and propagation approach adapted for human application (21, 22) , we have demonstrated that an innate immune response to fungi can be harnessed by bioengineering cytotoxic T cells. This demonstration provides the foundation for testing whether D-CAR + T cells can be infused to improve the survival of immunocompromised patients who develop opportunistic IA infection.
Results
Generating D-CAR + Human T Cells. As expected, neither circulating nor propagated human αβ T cells express Dectin-1 or Dectin-2 and thus do not directly recognize Aspergillus using these patternrecognition receptors. To generate a CAR with the specificity of Dectin-1 capable of activating T cells from peripheral blood, we fused the extracellular domain of human Dectin-1 (23) to our standard CAR cassette (15) encoding a modified IgG 4 hinge/Fc (13), human CD28 transmembrane and cytoplasmic domains, and the CD3-ζ signaling motif. The resulting D-CAR construct was subcloned as an SB transposon (Fig. 1A) and electro-transferred with SB11 transposase into peripheral blood-derived human primary T cells (Fig. S1 ). These data demonstrate that a type II transmembrane receptor can be fashioned into a CAR (containing HA and FLAG epitope tags to validate assembly) and stably expressed on T cells following transposition (Fig.  S1B) . The propagation of D-CAR + T cells was not significantly different from CD19-specific CAR + T cells cocultured with aAPC (clone #4) (24) that activates/propagates T cells via transgenic human CD19. The addition of γ-irradiated aAPC (Fig. S2) (Fig. 1C) ; and, as anticipated, there was no expression of D-CAR on CD19-specific CAR +
CD8
+ or CAR + CD4 + T cells. As such, the CD19-specific CAR + T cells serve as a negative control (hereafter termed "control T cells"). These data demonstrate that D-CAR + T cells can be expanded numerically on aAPCs using an approach similar to that used for the manufacture of clinical-grade CD19-specific T cells in our ongoing clinical trials.
Genetic Signature and Immunophenotype of D-CAR + T Cells. We used nCounter analysis of direct digital readouts to quantify mRNA abundance (25) , coding for IFN-γ (a Th1 proinflammatory marker), granzymes A/B (markers of cytotoxicity), DNAX-activating protein (DAP-10) for PI 3-kinase signaling, NK-cellactivating receptor (NKG2D) for costimulation, and zeta-chainassociated protein kinase 70 (ZAP70) and lymphocyte-specific protein tyrosine kinase (Lck) for T-cell activation. Compared with unmodified T cells in peripheral blood, the D-CAR + T cells exhibited an increase in levels of IFN-γ (eightfold), granzyme A (94-fold), granzyme B (12-fold), DAP10 (threefold), NKG2D (threefold), Lck (threefold), and ZAP-70 (twofold) (Fig. 1D ). In addition, there was a 15-fold decrease in killer cell lectin-like receptor subfamily G, member 1 (KLRG1), which is consistent with the preservation of T cells that avoid replication senescence (26, 27) , and a six-to sevenfold decrease in the nuclear receptor retinoic acid receptor-related orphan receptor α (RORα), which contributes to the development of CD4 + Th17 cells (28) . The therapeutic activity of CD19-specific CAR + T cells in vivo has been shown to correlate positively with T-cell persistence and is associated with a central memory (T CM ) phenotype (29) . Gating on the CD3 + D-CAR + subset showed that 96% of the cells coexpress CD45RO, as is consistent with an outgrowth of memory T cells. Further analysis of the CD45RO + T cells revealed that 84% exhibited a T CM immunophenotype on the basis of coexpression of CD28, CD62L, and CCR7 (Fig. 1E ). These data suggest that D-CAR + T cells numerically expanded on aAPCs may sustain persistence after adoptive transfer with the potential to provide long-term protection from IA. Moreover, using our direct T-cell receptor (TCR) expression analysis (DTEA) method, we found no significant difference in the abundance and diversity of TCR V α and V β family members expressed by unmodified and genetically modified D-CAR + T cells (Fig. S3 ). These data indicate that D-CAR + T cells emerge from and maintain a polyclonal population.
Redirected Specificity by D-CAR
+ T Cells. Dectin-1 binds to the glucose polymer laminarin that is similar to the sugar moiety found in fungal walls but does not bind to mannan, the mannose polymer derived from Saccharomyces cerevisiae (30) . D-CAR + T cells exhibited the same binding preference, because laminarin, but not mannan, abrogated binding of mAb specific for Dectin-1 to D-CAR on genetically modified T cells in a dose-dependent manner ( Fig. 2A) . The specificity was evaluated further by coculturing genetically modified T cells with germinating Aspergillus spores using three in vitro assays. We used microscopy to demonstrate that fungal growth was inhibited significantly by D-CAR + T cells as compared with CD19-specific CAR + control T cells (Fig. 2B ). Preincubation of a rabbit polyclonal antibody raised against the soluble extract of A. fumigatus did prevent the ability of D-CAR + T cells to damage fungal growth, suggesting that the redirected specificity is achieved by a specific interaction with the fungal cell wall. Next, we investigated the capacity of genetically modified T cells to kill germinating conidia using a colorimetric assay to reveal the viability of Aspergillus based on the ability to reduce a tetrazolium dye (31) . Coculture of D-CAR + T cells led to an ∼75-80% loss of viability in germinating spores compared with a 15-30% loss of viability when cocultured with CD19-specific CAR + T cells (P < 0.01; Fig. 2C ). In the third in vitro assay, we undertook video time-lapsed microscopy (VTLM) to visualize serially the targeting of germinating Aspergillus by D-CAR + T cells (Movie S1) and CD19-specific CAR + T cells (Movie S2) compared with untreated controls (Movie S3). D-CAR + T cells and background low levels of CD19-specific T cells bound to germlings (Fig. 2 D, c and g ) by 3 h. However, by 7 h there was a rapid influx of D-CAR + T cells (Fig. 2 D, d ) but not of control T cells (Fig. 2 D, h ). The consequence of this binding of D-CAR + T cells was destruction of hyphal growth (Fig. 2 D, d ) compared with the control T cells (Fig. 2 D, h ) and in the absence of T cells (Fig. 2 D, k and l) . The mean hyphal length at 24 h was calculated from VTLM to quantify the ability of T cells to destroy hyphae. Compared with control T cells, D-CAR + T cells reduced hyphal length from 180 μm to 70 μm (62% inhibition). In the absence of T cells, hyphae grew on average to 200 μm over same time period (Fig. 2E) . These imaging data support the ability of D-CAR + T cells to target the germinating hyphae specifically and as desired, and not the dormant Aspergillus conidia.
Effect of Dexamethasone on D-CAR + T Cells. A likely translational application for infusing D-CAR
+ T cells will be in recipients of solid-organ transplants or allogeneic HSCT. Dexamethasone (DEX), a corticosteroid systemically administered for immunosuppression, has been demonstrated to down-regulate endogenous Dectin-1 expression (32) and predisposes patients to fungal infections (33) . We evaluated the effect of DEX on the expression of D-CAR on T cells and found that levels of the introduced immunoreceptor diminished partially in a dose-dependent manner, so that 64% (n = 2) of genetically modified T cells continued to express D-CAR in 1 μM of DEX. Despite this down-regulation of the introduced immunoreceptor, these T cells retained their ability to damage hyphae (Fig. 3A) .
Activation of D-CAR
+ T Cells by Aspergillus Germlings. To corroborate the hyphal killing, we evaluated up-regulation of CD107a (LAMP1) that is expressed on the T-cell surface following cytotoxic degranulation (34) . We observed a threefold up-regulation of CD107a on D-CAR + T cells after coculture with Aspergillus germlings (Fig. 3B) . Damage to hyphae likely was mediated by perforin and granzymes, because D-CAR + T cells expressed perforin (92%) and granzyme B (100%) (Fig. 3C) . Furthermore, perforin secretion was increased (P < 0.05) in conditioned supernatant after stimulation with aAPCs (clone #4) preloaded with Dectin-1-specific mAb (Fig. 3D) . Results obtained from our customized bar-coded probe set used to measure abundance of mRNA levels suggested that D-CAR + T cells produced higher IFN-γ levels than T cells from peripheral blood (Fig. 1D) . Therefore, IFN-γ expression was measured in D-CAR + T cells exposed to germinating Aspergillus, and we also observed a six-to sevenfold increase in IFN-γ protein levels were measured by flow cytometry. T cells stimulated with phorbol12-myristate13-acetate/ionomycin served as positive controls. Shown are representative dot plots from two independent experiments. (F) IFN-γ cytokine levels were measured in T-cell culture conditioned supernatants after stimulation with 50 μg/mL Aspergillus cell lysate.*P < 0.05; **P < 0.01. (Fig. 3E) . In contrast, no change in IFN-γ levels was observed in control T cells cocultured with germinating Aspergillus. We also validated the presence of soluble IFN-γ in conditioned supernatants of D-CAR + T cells (P < 0.01) cultured with fungal hyphae extract (Fig. 3F) . We detected no secreted IL-17, as is consistent with decreased levels of mRNA coding for RORα (28) . In aggregate, these data demonstrate that electroporated and propagated D-CAR + T cells are cytotoxic in response to hyphae from Aspergillus and can secrete proinflammatory cytokines. (Fig. 4A) . Indeed, infused T cells identified by phycoerythrin (PE)-conjugated CD3-specific mAb revealed that fungal hyphae were preferentially covered with D-CAR + T cells rather than CD19-specific CAR + T cells. An antifungal effect mediated by D-CAR + T cells was supported by the observation that the number of visualized genetically modified T cells, as assessed by red fluorescence, was greater in the mice that received D-CAR + T cells than in the two controls (P < 0.001; Fig. 4B ). In aggregate, quantification of fluorescence showed that mice receiving D-CAR + T cells had a significantly lower pulmonary Aspergillus load than mice treated with control CAR + T cells or no T cells (P < 0.001; Fig. 4B ). This result was supported by measurements of fungal burden in lungs by quantitative PCR (qPCR), which revealed that the introduced germlings underwent greater damage in the mice receiving D-CAR + T cells than in controls (P < 0.001; Fig. 4C ). We extended our observation to another clinically relevant model of IA. Previously, it has been shown that skin lesions and fungal burden are directly proportional, and thus the infected surface area is an objective measure of the degree of fungal infection (35) . We observed that surface area of cutaneous fungal lesions (Fig. 4D) was smaller in mice that received D-CAR + T cells than in control mice that received CD19-specific CAR + T cells or no T cells (P < 0.01; Fig.  4E ). These in vivo data support our in vitro observations that D-CAR + T cells can target IA.
Bispecific T Cells Coexpressing D-CAR and CD19-Specific CAR. Patients at risk for progression of B-cell malignancies, such as patients with advanced disease undergoing HSCT, are also vulnerable for IA. Therefore, we investigated if the SB system could be adopted to coexpress CD19-specific CAR and D-CAR in T cells. T cells that underwent double transposition were propagated on aAPC clone #4 (36) and were demonstrated by flow cytometry to coexpress the two CARs (Fig. S4A) . To establish the ability of D-CAR to activate T cells expressing two CAR species, we again demonstrated that hyphae growth could be targeted on Aspergillus germlings ( Fig. S4B ) with damage proportional to the ratio of T cells to fungal burden (Fig. S4C) . Specificity for CD19 was validated by chromium release assay for CD19 + vs. CD19 − tumor cells (Fig. S4D ). These data demonstrate that T cells can be engineered to have specificity for both carbohydrate and protein antigens.
Discussion
We demonstrate a previously unidentified approach for immunotherapy of Aspergillus based on redirecting T-cell specificity through a CAR that recognizes carbohydrate antigen: D-CAR with specificity of Dectin-1 fused to CD28 and CD3-ζ cytoplasmic signaling domain that delivers a fully competent T-cellactivation signal as defined by killing, cytokine production, and proliferation. We genetically modified primary circulating T cells using our SB transposon/transposase system that we adapted for human gene transfer. Indeed, we have achieved institutional and federal regulatory approvals for four clinical trials (NCT00968760, NCT01497184, NCT01362452, NCT01653717) infusing autologous and allogeneic T cells genetically modified with an SB encoding a CD19-specific CAR and propagation on aAPC (clone #4) (21, 22, 37) . To generate clinically relevant numbers of D-CAR + T cells for adoptive transfer, T cells were expanded numerically on "designer" aAPC. These genetically modified T cells coexpress perforin and granzyme and exhibit an ability to recognize and lyse Aspergillus germlings. The therapeutic potential of these T cells is highlighted further by the majority of D-CAR + T cells (84%) exhibiting a T CM phenotype that likely can self-renew as well as differentiate into effector T cells in vivo (38) . nCounter Digital profiling was used to examine the abundance of mRNA species; both the transcription factors Eomesodermin and KLRG1 were down-regulated in propagated D-CAR + T cells, supporting the observation that infused D-CAR + T cells can sustain proliferation without terminal differentiation and avoid replicative senescence (39, 40) .
Because this is the first time, to our knowledge, that a patternrecognition receptor has been adapted to redirect T-cell specificity, we used multiple experiments (fungal cell-killing assay, cytokine production, up-regulation of CD107a, VTLM, and two mouse models) to assess the ability of D-CAR + T cells to target germinating Aspergillus. Based on the results obtained from in vitro and in vivo studies, D-CAR + T cells can directly target and control Aspergillus infection. These assays also demonstrated that D-CAR is able to activate proinflammatory and cytolytic machinery such as the perforin/granzyme pathway of genetically modified T cells. The exocytosis of cytolytic granules apparently can disrupt fungal germination directly, as evident from the reports that granzyme-deficient mice are susceptible to IFI (41, 42) . The production of IFN-γ from the D-CAR + T cells may further augment immunity to IFIs, because pharmacological dosing of recombinant IFN-γ (43) or of IFN-γ derived from CD4 + helper T cells or NK cells has been shown to augment anti-Aspergillus activity (44, 45) . However, it remains to be determined whether the D-CAR-dependent production of IFN-γ can contribute directly to the clearance of fungal infections or indirectly through the activation of granulocytes. Other cytokines, such as IL-17, produced by subsets of T cells also may participate in antifungal immunity by activating neutrophils (46) . However, we did not observe IL-17 secretion by D-CAR + T cells, as is is consistent with decreased expression of RORα, which plays a critical role in augmenting IL-17 production from T cells (28, 47) .
Targeting by D-CAR + T cells may be augmented by combination therapies. For example, Aspergillus preexposed to caspofungin can unmask β-glucan residues in the cell wall of fungi and enhance antifungal activity mediated by neutrophils (31) . Engineering a T-cell response to Aspergillus hyphae also may overcome congenital impairment of the innate immune system, as with the Dectin-1 Y238X polymorphism (48) . This mutation is associated with diminished Dectin-1 receptor activity, increased susceptibility to IFI among recipients of HSCT (48), and loss of TLR4-mediated signals during hyphal germination, thereby contributing to the evasion of immune recognition by Aspergillus (49).
To help translate our findings to clinical practice, D-CAR + T cells must maintain effector function in the presence of systemically administered immunosuppressive medications. The corticosteroid DEX can down-regulate expression of Dectin-1 on granulocytes and thereby increase recipients' susceptibility to IFI. Although we did observe a decrease in D-CAR expression in electroporated/propagated T cells exposed to DEX, the level of D-CAR expression still was sufficient to damage germinating Aspergillus hyphae. This result indicates that adoptive transfer of D-CAR + T cells may remain effective in patients at risk for IFI because of the systemic administration of DEX. In addition, we generated bispecific T cells using the SB system that coexpress CD19-specific CAR (CD19RCD28) and D-CAR. These T cells exhibited specificity for both CD19 and Aspergillus, raising the possibility that one population of T cells can be customized to target relapse and infection, which are two common causes of morbidity and mortality after allogeneic HSCT.
In summary, we report a bioengineering approach to redirect the specificity of T cells by the expression of a novel CAR that incorporates the pattern-recognition ability of Dectin-1 to recognize Aspergillus germlings. The D-CAR design enabled us to adapt an immunoreceptor that operates within the landscape of innate immunity for expression in T cells to co-opt their endogenous cytolytic machinery to target Aspergillus hyphae. This approach is clinically appealing, because long-lived T cells can be genetically modified (e.g., using the SB system) and propagated to large numbers (e.g., using γ-irradiated aAPC) ex vivo in compliance with cGMP for Phase I/II trials. One proposed clinical application for the administration of donor-derived D-CAR + T cells is administration following allogeneic HSCT, because the introduced D-CAR is capable of recognizing β-glucan moieties present on opportunistic fungal infections. Furthermore, the recognition of carbohydrate antigens by CAR broadens the translational appeal of genetically modified T cells to target pathogens as well as tumor-associated carbohydrate antigens.
Materials and Methods
Plasmids. D-CAR design was based on our second-generation CD19-specific CAR, CD19RCD28 (15) . In brief, the sequence encoding the extracellular (Ec) sugar-binding domain of human Dectin-1 (GenBank accession no. AY026769) was fused to the modified human IgG 4 hinge and Fc regions (13) , which in turn were combined with the transmembrane and cytoplasmic residues of human CD28 molecule and then the human cytoplasmic CD3-ζ chain. The human codon optimized (CoOp) D-CAR ( CoOp D-CAR), synthesized by GeneArt, was fused at the (Ec) C terminus to a triplicate HA epitope (amino acid sequence YPYDVPDYA) and to the FLAG 3 epitope (amino acid sequence DYKDDDDC) on the N terminus by PCR to obtain FLAG (CoOp) -D-CAR-HA 3 (Fig.  1A) with flanking 5′ SpeI and 3′ NotI restriction enzyme sites. After sequence validation, the FLAG 3(CoOp) -D-CAR-HA 3 fragment was subcloned into the SB transposon DNA plasmid CoOp CD19RCD28/pSBSO (used to express CD19RCD28 for human application), by restriction digestion at SpeI-NruI and NheI-SmaI sites, thus replacing the CD19RCD28 CAR fragment with the FLAG 3(CoOp) -D-CAR-HA 3 fragment to create the final plasmid CoOpD D-CAR/pSBSO (designated "pSBD-CAR"). The DNA plasmid pCMV-SB11 expresses the SB11 transposase (21) .
Cells. Primary human T cells were isolated by density gradient centrifugation over Ficoll-Paque-Plus (GE Healthcare Bio-Sciences AB) from peripheral blood obtained from the Gulf Coast Regional Blood Center (Houston, TX) after informed consent. All primary cells and cell lines were cultured in RPMI medium 1640 (HyClone Laboratories) supplemented with 2 mM Glutamax-1 (catalog no. 35050-061; Life Technologies) and 10% heat-inactivated FBS (HyClone). D-CAR + T cells were generated as previously described for CD19-specific CAR + T cells (37) . In brief, T cells were electroporated with DNA plasmids from the SB system coding for D-CAR and SB11 and were propagated on aAPCs (clone #4) preloaded with Dectin-1-specific mAb in the presence of IL-2 and IL-21. Bispecific CD19-specific CAR + T cells coexpressing D-CAR were generated using double transposition whereby the SB system was used to coexpress two CARs. Mock-electroporated ("no DNA") CAR − T cells were propagated on aAPCs (clone #4) preloaded with CD3-specific mAb OKT3 (catalog no. 16-0037-85; eBioscience) in the presence of IL-2 and IL-21 (50) . All cell lines used in this study were authenticated by finger printing at the MD Anderson Cancer Center sequencing core facility. Additional details are provided in SI Materials and Methods.
Fungal Isolates, Growth, and Germination. Two A. fumigatus isolates were used: a reference wild-type strain, A. fumigatus 293 (AF293), and a strain of A. fumigatus expressing GFP (GFP-AF293, GFP + AF), a kind gift from Kieren Marr (The Johns Hopkins University School of Medicine, Baltimore, MD) (51) . Both isolates were grown on potato dextrose agar for 7 d at 37°C before conidia were harvested by flooding the plates with PBS containing 0.1% Tween 20 (35) . For killing assays, conidia were counted using a hemocytometer and resuspended at a concentration of 10 5 spores/mL in RPMI containing 10% FBS. One milliliter containing 10 5 spores in Eppendorf tubes was shaken (220 rpm, digital incubator shaker, Innova 4300, New Brunswick Scientific, Inc.) at 37°C for 12-16 h for germination. Similarly, for VTLM, harvested GFP + AF conidia were incubated and shaken for 4-5 h before analysis.
XTT Assay. The targeting of Aspergillus was assessed using a 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino) carbonyl]-sH-tetrazolium hydroxide (XTT)-based colorimetric assay (31) . Germinating conidia were incubated for 2-3 h with 10 6 T cells (effector:target ratio, 10:1) in RPMI 1640 with 10% FBS. CD19-specific CAR + T cells were used as a negative control.
After incubation, T cells were lysed with cold, sterile water (hypotonic lysis). Damage to germlings was calculated following the manufacturer's protocol (XTT assay, catalog no. X4251; Sigma).
Animal Studies. All animal experiments were approved by the University of Texas MD Anderson Cancer Center Institutional Animal Care and Use Committee. Eight-week-old female NSG mice (Jackson Laboratory) weighing 18-20 g were used and housed in a sterile facility. Cyclophosphamide (100 or 150 mg/kg of body weight) was injected i.p. to achieve immunosuppression 4 d and 1 d before inoculation with Aspergillus (AF293) spores (defined as day 0). Pulmonary fungal infection was induced by infecting with AF293 conidia (1.5 × 10 6 per mouse) via the sino-pulmonary route (52) . The mice were grouped (n = 5) into four groups. The first group received no T cells; the second group received CD19-specific CAR + T cells; the third group received D-CAR + T cells; and the fourth group received T cells that did not express CAR ("no DNA"). T cells were dosed at 2 × 10 7 by i.v. injection every day for 3 days beginning on day 0. All surviving mice were killed on day 4 to determine fungal burden. The same experimental design was used to establish a cutaneous fungal infection, except that T cells were administered s.c. into the same site at a 1:10 ratio of AF293 conidia (1.5 × 10 6 ) per mouse) to T cells (15 × 10 6 per mouse). Skin lesions were measured daily using digital calipers (Fisher Scientific), and the longest and shortest diameters were recorded (35) .
Statistics. Graphs were plotted using Prism v. 4.0 software (Graph Pad Software). Statistical analysis was carried out using SAS 9.3 (SAS Inc.). A twotailed P value of <0.05 was considered statistically significant. Skin lesion areas and fungal burden were compared among groups of mice using an unpaired Student t test.
